ABSTRACT This study aimed to determine effects of diet density on growth performance, energy balance, and nitrogen (N) balance characteristics of broiler chickens during the first wk of life. Effects of diet density were studied using a dose-response design consisting of 5 dietary fat levels (3.5, 7.0, 10.5, 14.0, and 17.5%). The relative difference in dietary energy level was used to increase amino acid levels, mineral levels, and the premix inclusion level at the same ratio. Chickens were housed in open-circuit climate respiration chambers from d 0 to 7 after hatch. Body weight was measured on d 0 and 7, whereas feed intake was determined daily. For calculation of energy balances, O 2 and CO 2 exchange were measured continuously and all excreta from d 0 to 7 was collected and analyzed at d 7. Average daily gain (ADG) and average daily feed intake (ADFI) decreased linearly (P = 0.047 and P < 0.001, respectively), whereas gain to feed ratio increased (P < 0.001) with increasing diet density. Gross energy (GE) intake and metabolizable energy (ME) intake were not affected by diet density, but the ratio between ME and GE intake decreased linearly with increasing diet density (P = 0.006). Fat, N, and GE efficiencies (expressed as gain per unit of nutrient intake), heat production, and respiratory exchange ratio (CO 2 to O 2 ratio) decreased linearly (P < 0.001) as diet density increased. Energy retention, N intake, and N retention were not affected by diet density. We conclude that a higher diet density in the first wk of life of broiler chickens did not affect protein and fat retention, whereas the ME to GE ratio decreased linearly with increased diet density. This suggests that diet density appears to affect digestibility rather than utilization of nutrients.
INTRODUCTION
Studies to determine the maintenance and growth requirements of broiler chickens often focus on their overall life span without differentiating for different age periods (Sakomura et al., 2005; Lopez and Leeson, 2008) . These studies ignore that requirements may be agerelated, depending on the physiological status of the chicken. For young broilers, requirements may depend on the availability of the residual yolk (RY), the poikilothermic nature of the chicken at early age (Tazawa et al., 1988) , and the ongoing maturation of organs, particularly the intestinal tract (Fan et al., 1997) . This means that requirements and metabolic processes during the first wk of life, and how these may be affected by diet composition, are rarely investigated.
Metabolic processes require energy input. During the first few days after hatch, the RY functions as energy C 2017 Poultry Science Association Inc. Received September 22, 2016. Accepted January 4, 2017. 1 Corresponding author: david lamot@cargill.com supply for initial growth and development, containing about 14 to 26% fat and only about 2.3 to 2.7% of carbohydrates (Yadgary et al., 2010) . This suggests that lipids are the major contributor to the energy supply for chickens not only during embryonic development, but also directly after hatch. Beside energy from the RY, the chick also requires energy from exogenous energy sources (feed and water) shortly after hatch. Next to fats and oils, carbohydrates function as the major energy source in modern broiler chicken diets (Sklan, 2001) . Feeding of carbohydrates results in a shift from mainly lipid oxidation during the late stage of incubation (Noble and Cocchi, 1990 ) towards mainly oxidation of glucose and starch post-hatch. Simultaneously, hormonal and nutrient-signaling pathways induce a shift from hepatic storage of lipids obtained from the yolk towards storage of lipids obtained through exogenous feed, as well as de novo production of lipids through lipogenesis (Richards et al., 2010) . Even though the process of lipogenesis is considered to be functional shortly after hatch (Noble and Cocchi, 1990) , digestibility of dietary fats is perceived to be age-dependent and relatively low for broiler chickens during the first wk of 2294 life (Ravindran et al., 2016) . The perception that fat digestibility is relatively low (relative to digestibility of carbohydrates and protein) in young compared to old broiler chickens has resulted in limited research into dietary fat inclusion during the first wk of life. However, it was already demonstrated that feeding broiler chickens fat levels up to 15% (stabilized animal grease) and 15.9% (soybean oil) from either 0 to 21 or 0 to 28 d of age resulted in maintained or even increased average daily gain (ADG) and gain to feed ratio (G:F) compared to feeding low diet densities, as long as the CP to energy ratio was kept constant (Donaldson et al., 1957; Waldroup et al., 1976) . Whereas this suggests that high inclusion levels of fats and oils do not affect performance of young broiler chickens, it is not known which physiological mechanisms are involved in the oxidation and utilization of high nutrient density and dietary fat levels.
The objective of this study was to determine effects of diet density on growth performance, energy, and nitrogen (N) metabolism of broiler chickens during the first week of life, using a dose-response design.
MATERIALS AND METHODS
All procedures in this study were approved by the Animal Use and Care Committee of Wageningen University, the Netherlands.
Experimental Design
This study used a dose-response design with 5 diet density levels through increased dietary fat levels (3.5, 7.0, 10.5, 14.0, and 17.5%), using the relative difference in dietary energy level to increase amino acid levels, mineral levels, and the premix inclusion level as well. In 8 consecutive batches, treatments were randomly distributed over 4 climate respiration chambers (CRC). Depending on their size (267 or 1,800 L), each CRC contained 12 or 24 chickens, resulting in 6 replicates per treatment with 108 (3 × 12 and 3 × 24) broiler chickens per treatment and 540 broiler chickens in total.
Animals and Housing
A total of 540 day-old Ross 308 male chickens (average body weight [BW] , 45.8 g; range 44.8 to 47.3 g) were obtained from a commercial hatchery (Lagerwey, the Netherlands). To reduce potential effects of hatch window, only chickens that were not entirely dry in the neck region (freshly hatched) were selected for this study. Chickens were placed in one of 4 open-circuit CRC that provided 1,000 × 800 mm or 800 × 500 mm (length by width) animal floor space (Verstegen et al., 1987) . A CO 2 recovery test was performed immediately prior to the start of the experiment, according to procedures described by Heetkamp et al. (2015) . In the 4 CRC, 99.3, 98.9, 99.8, and 99.7% of the CO 2 released was recovered. In the 2 smaller CRC, an additional ethanol oxidation test was performed to test air tightness of the CRC, according to Heetkamp et al. (2015) , yielding a respiratory quotient (RQ) of 0.66 in both chambers. The latter is in line with the theoretical RQ of 0.667 when ethanol is completely burned, thus proving that there are no air leakages in the CRC. Either 24 or 12 chickens were used per CRC, depending on the minimum metabolic mass requirements for both CRC types to determine an accurate energy and N balance. Chickens were housed on a coated wire floor to facilitate quantitative excreta collection. Artificial lighting was set for 23 h/d throughout the study period (0 to 7 d of age). Temperature was set to gradually decrease by 0.5
• C per day during the study period, starting from 33
• C at d 0. Chickens had ad libitum access to feed and water via nipple drinkers.
Experimental Diets
Diets containing the lowest (3.5% dietary fat) and highest (17.5% dietary fat) diet densities were formulated using soybean oil as the primary fat source to increase the dietary fat level among treatments. The relative difference in energy level between the 2 diets was subsequently used to increase amino acid levels and mineral levels, as well as the premix inclusion rate at the same ratio. Consequently, diets were not isocaloric nor isonitrogenous. Starter diets with 3.5, 7.0, 10.5, 14.0, and 17.5% dietary fat contained 2, 870, 3, 030, 3, 190, 3, 350 , and 3,510 kcal/kg AME n , and 11.6, 12.2, 12.9, 13.5, and 14.2 g/kg digestible lysine, respectively (Table 1) . Diets were formulated based on digestibility and nutrient data provided by CVB (2007) . Diet densities in between were obtained by blending the 2 basal diets in different ratios. All diets were produced and pelleted (2.0 mm) by Research Diet Services (the Netherlands). All diets were analyzed for N (ISO 5983-2, 2009), crude fat by acid hydrolysis (ISO 6492, 1999) , dry matter (DM; ISO 6496, 1999) , ash (ISO 5984, 2002) , gross energy (GE) by adiabatic bomb calorimetry (ISO 9831, 1998) , and calcium and phosphorus content by ICP-AES (ISO 27085, 2009 ).
Data Collection
Individual BW was measured on d 0 and 7, whereas average daily feed intake (ADFI) was measured daily at the same moment of the day. G:F (g:g) was calculated from d 0 to 7, based on BW differences and feed intake (FI). The average ADG and metabolic BW (kg 0.75 ) between d 0 and 7 were calculated per CRC. Excreta produced from d 0 to 7 was quantitatively collected at d 7 and analyzed for N (ISO 5983-2, 2009), crude fat by acid hydrolysis (ISO 6492, 1999) , DM (ISO 6496, 1999) , and GE by adiabatic bomb calorimetry (ISO 9831, 1998) .
The O 2 and CO 2 exchange (in L) was measured for each group of chickens in the CRC at 7.5-min intervals. Based on these measurements, the respiratory exchange ratio (RER) was defined as the ratio of CO 2 produced (L) to O 2 consumed (L). Heat production (HP) was calculated using O 2 and CO 2 as inputs (Romijn and Lokhorst, 1961) :
ME intake (kJ/kg 0.75 /d) was calculated from the GE content of feed and excreta:
The ratio between ME and GE intake (ME:GE) was calculated to determine the metabolizability of energy: ME:GE = ME INTAKE /GE INTAKE Energy retention (ER) was calculated as the difference between ME INTAKE and HP. With respect to energy retention, a distinction was made between N and fat retention. N retention was determined by measuring the level of N in feed, excreta, ventilation air (NH 3 trapped in sulfuric acid), and condensed water (NH 4 + ) on the heat exchanger (ISO 5983-2, 2009 ). ER as protein (ER p ) was subsequently calculated as:
where 23.6 kJ/g is the energetic value of body protein (Larbier and Leclercq, 1994) . Energy retained as fat (ER f ) was calculated as the difference between ER and ER p . Efficiencies of energy and N retention were calculated by expressing retention as a percentage of metabolizable intake. Nutrient efficiencies for N, fat, and GE were calculated as gain per unit of nutrient intake from d 0 to 7.
Statistical Analysis
Data were subjected to mixed model analysis using the PROC MIXED procedure in SAS (Version 9.3, 2011, SAS Institute Inc., Cary, NC, United States), using the model:
where: Y ij = dependent variable, μ = overall mean, α i = fixed treatment effect (i = 3.5, 7.0, . . . , 17.5% dietary fat), β j = fixed CRC type effect (j = 12 or 24 broiler chickens), b k = random batch effect (k = 1, 2, . . . , 8), and ε ijk = residual error term. Contrasts were used to determine significant relationships for linear and quadratic effects of diet density. Data were analyzed using a group of animals in one CRC as the experimental unit. Data are expressed as least square (LS) means. LS means were compared after correcting with Tukey's for multiple comparisons, and effects were considered to be significant when P ≤ 0.05.
RESULTS

Growth Performance
From d 0 to 7, ADG (average 18.7 g/d) and ADFI (average 16.7 g/d) decreased linearly as the diet density increased (Δ = −6.8% ADG and Δ = −18.7% ADFI between 3.5 and 17.5% dietary fat; P = 0.047 and P < 0.001, respectively; Table 2 ). G:F ratio (average 1.124) from d 0 to 7 increased linearly as diet Table 3 . Effects of diet density on the gross energy (GE) intake, ME intake, the ratio between ME and GE intake (ME:GE), heat production (HP), the respiratory exchange ratio (RER) and energy retention ( density increased (Δ = 14.4% between 3.5 and 17.5% dietary fat; P < 0.001; Table 2 ). On the contrary, nutrient efficiencies of fat, N, and GE linearly decreased as diet density increased (Δ = −71%, −3.4% and −4.7% between 3.5 and 17.5% dietary fat; P < 0.05; Table 2 ). For nutrient efficiency of fat, also a quadratic response was found (P < 0.001; Table 2 ).
Energy and Nitrogen Balance
GE intake and ME intake were not affected by diet density, but a linear decrease was found for the ratio between ME and GE (average 75.2%; Δ = −3.5% between 3.5 and 17.5% dietary fat; P = 0.006; Table 3 ). The RER (average 0.98) decreased linearly with increasing diet density (Δ = −13.8% between 3.5 and 17.5% dietary fat; P < 0.001; Table 3 ). Linear and quadratic responses were found for HP (average 538.4 kJ/kg 0.75 /d) with increasing diet density (Δ = −4.6% between 3.5 and 17.5% dietary fat; P ≤ 0.001; Table 3 ). This was particularly marked for the lowest diet density (3.5% dietary fat) that had higher HP compared to higher diet densities from d 4 onward. Energy retention (average 748.7 kJ/kg 0.75 /d) was not affected by diet density (Table 3) , neither were N intake (average 0.67 g/d) and N retention (average 2.40 g/kg 0.75 /d; Table 4 ).
DISCUSSION
The current study aimed to determine if diet density, using soybean oil as primary energy source and maintaining a constant amino acid-to-energy ratio, affected growth performance, as well as energy and N metabolism characteristics of broiler chickens during the first week of life. The lowered ADFI and ADG as a result of the increased diet density, as found in the current study, might be explained by metabolic regulatory mechanisms, as well as by dietary physical form. Broiler chickens are known for being able to control their FI in order to maintain a constant energy intake (Leeson et al., 1996) . However, this appears to be only the case for older broilers, as Brickett et al. (2007) found that broiler chickens up to 2 wk of age are not able to maintain a constant energy intake when diet density was changed. These findings are in contrast with current results, as in the current study a constant ME intake and N intake amongst treatments were found during the first wk of life. Because of these findings, current results suggest that energy (originating from fat and carbohydrates) or N, or a combination of both, have a regulatory role in FI already in the first wk of life. FI regulation is considered the result of a complex interplay between various endogenous mechanisms, where the central nervous system is driven by nutrient signaling, neuroendocrine signaling, and peripheral tissue signaling within the gastrointestinal tract (Richards and Proszkowiec-Weglarz, 2007) . FI regulation through nutrient signaling can be differentiated into glucostatic, lipostatic, ionostatic, and aminostatic theories (reviewed by Decuypere et al., 2007) . The current study was not designed to determine whether the lower FI at higher diet densities is either glucostatic, lipostatic, ionostatic, or aminostatic driven, as not only dietary fat, but also CP and mineral levels were increased in the higherdensity diets.
The lowered ADFI and ADG with increased diet density found in the current trial may also be explained by the lowered nutrient efficiencies for N and energy with increased diet density. Gain per unit of N and GE consumed decreased linearly as diet density increased. Ravindran et al. (2016) reported that the energetic availability of fats and oils for an animal tend to decrease as the inclusion level increases. This might be explained by increased soap formation by free fatty acids and calcium (Ravindran et al., 2016 ). In the current study, increased diet density included an increased dietary fat (from 3.5 to 17.5%) and calcium (from 1.00 to 1.22%) inclusion level. This potentially increases the risk for saponification that subsequently may have resulted in lowered digestibility.
The reduction in N efficiency corresponds with earlier research where increased CP consumption actually resulted in reduced protein utilization . The reduced efficiency is mainly attributed to the energetic costs associated with the removal of excessive N from the body through uric acid formation. This suggests that a constant amino acid-to-energy ratio, as used in the current study, can be further optimized in order to minimize the metabolic costs for excessive N removal from the body.
Current effects of increased diet density on ADG, ADFI, and G:F may also be explained by diet physical form. Findings with respect to increased G:F are supported by Donaldson et al. (1957) and Waldroup et al. (1976) , who demonstrated that fat inclusion levels up to 15% (stabilized animal grease) or 15.9% (soybean oil) with a maintained protein to energy ratio, fed to chickens from 0 to 3 wk of age, also resulted in an increased G:F. However, in the current study the ADG was linearly lowered, whereas it maintained or even increased in previous work. Though not explicitly stated, it is very likely that with dietary fat levels as high as 23.4%, the diets used by Donaldson et al. (1957) and Waldroup et al. (1976) may have been fed as mash. Earlier research found an interaction between diet density and feed form (mash vs. pelleted diets) with respect to ADG (Brickett et al., 2007) . Even though increased diet densities (300 kcal/kg ME difference) resulted in higher ADG from 0 to 6 d when fed as mash diets, ADG was not affected when broilers were fed pelleted diets. This suggests that chickens initially try to maximize FI in order to achieve maximum growth, which can be more easily achieved in pelleted than in mash diets. Although this does not explain in full the reduced ADG in the current study, it appears that feed form may contribute partially to the results observed. In addition, the observed response for ADFI might be partially biased by pellet quality. High fat levels may result in lower pellet quality in terms of pellet durability (Abdollahi et al., 2013) .
The RER was highly treatment-dependent and decreased with increased diet density. This appears to be logical, as the RQ for glucose is approximately 1, whereas it is approximately 0.80 for protein and 0.70 for fat (Ferrannini, 1988) . Increasing levels of diet density contain more fat at the expense of carbohydrates (glucose), resulting in relative higher fat oxidation. The authors are aware that the RER provides only limited insight into the biochemical reactions associated with ongoing metabolic processes, as it is a simple measurement of O 2 consumption and CO 2 production (Ferrannini, 1988) . Therefore, it is more interesting to discuss treatments effects in relation to ME:GE ratio and retained energy. ME is considered to be the amount of dietary energy that is readily available to support broiler metabolism. Differences in ME:GE (also known as metabolizability) can be explained by differences in how well diets are digested and utilized. In general, the ME:GE in the current study was slightly higher than has been found in earlier research (0.752 vs. 0.689; Apeldoorn et al., 1999) . Differences among studies might be explained by broiler age and diet composition. Comparing treatments, the decrease in ME:GE with increases in diet density is likely the result of lowered diet digestibility due to the increasing dietary fat content. Digestibility coefficients for dietary amino acids, carbohydrates (starch), and fat in a typical corn and soybean mealbased diet fed to broiler chickens at 7 d of age were found to be 0.83, 0.97, and 0.59, respectively (Batal and Parsons, 2002) . In the same study, fat digestibility was found to increase from 0.59 to 0.74 from 7 to 14 d of age. A lowered fat digestibility for young broiler chickens, combined with increased dietary fat levels at the expense of carbohydrates as provided in the current study, may explain the linear decrease in ME:GE as the metabolizability of these diets decreases.
Based on the lowered ADG, ME:GE and the increased excreta losses with increased diet density, higher dietary fat levels do not seem favorable for young broiler chickens. However, this study shows that ME is not fully used for energy retention, as part of the ME is lost as heat, which is the result of maintenance costs and inefficiencies in the deposition of protein and fat. In the current study, approximately 41 to 43% of the ME intake was lost as heat. These losses are relatively low compared to earlier studies, where average ME losses due to heat production were calculated to be 54 to 60% in broilers ranging from 0.7 to 2.0 kg BW (Apeldoorn et al., 1999; Labussiere et al., 2015) . In general, it is perceived that larger animals have a smaller surface to body mass ratio, thus resulting in reduced heat losses. This principle does not apply for current results, suggesting that differences in heat loss might be explained by other factors. In the current study, overall HP decreased both linear and quadratic as diet density increased. This might be explained by differences in nutrient efficiencies for energy retention between protein, fat, and carbohydrates, resulting in altered diet-induced thermogenesis. This is in contrast with previous studies in which changes in macronutrients did not affect diet-induced thermogenesis in chickens . RE, RE f , and RE p were not affected by treatment. RE was deposited almost equally as either protein (47.4%) or fat (52.6%). This is in agreement with earlier research where retained energy was evenly (50:50) deposited as protein and fat (Apeldoorn et al., 1999) . Current results on RE, RE f , and RE p may appear to be contradictory to calculated N, fat, and GE nutrient efficiencies, as discussed earlier. However, a distinction can be made between the bioavailability of nutrients in feed ingredients (i.e., pre-absorption) and the postabsorptive nutrient utilization (De Lange et al., 2013) . While calculated nutrient efficiencies are based on the pre-absorptive state, the RE, RE f , and RE p refer to a post-absorptive state. It might be suggested that in current broiler chickens, the nutrient-intake capacity is too limited to reach the genetic production potential (De Lange et al., 2013) . For the current study, this implies that the digestive status of the chicken is probably the limiting factor, whereas metabolic processes related to protein and fat deposition within the chicken were not affected.
Concluding, feeding of higher diet densities in the first wk of life of broiler chickens resulted in linearly lowered ADG and ADFI, whereas G:F increased. However, protein and fat retention were not affected, whereas the ME:GE ratio decreased linearly with increased diet density. Results suggest that the absorptive capacity of the chicken might become a limiting factor when diet density is increased.
